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Abstract

The Huygens probe will enter Titan’s atmosphere on
January,14th 2005. The probe trajectory reconstruction
will be needed to analyse, interpret and correlate all the
data taken from each instruments on board Huygens.
The Huygens Atmospheric Structure Instrument (HASI)
which includes accelerometers, pressure and temperature
sensors, will provide essential data to perform an ac-
curate trajectory reconstruction. On the basis of these
data, recovered from the HASI sensors, a modular soft-
ware has been developed at LESIA (Laboratory for Space
Studies and Astrophysical Instrumentation) at the obser-
vatory of Paris-Meudon. The goals of this software are
to perform an accurate trajectory reconstruction during
both the entry phase and the descent phase and to deliver
the density, pressure and temperature atmospheric pro-
files throughout the descent. In addition, the choice of
a modular configuration facilitates easy implementation
for other planetary missions.

Here are presented the algorithms and the method
used to reconstruct the probe trajectory during both the
entry and the descent phase. This presentation consists
in the description of the model used for the probe dur-
ing the entry and descent configuration, the model used
for the planet (gravity field and atmospheric properties)
and finally, the set of equations and the integrator scheme
used to perform the trajectory reconstruction. This soft-
ware was tested with the Galileo Atmospheric Structure
Instrument data, available in the NASA PDS (Planetary
Data System) archives. In addition, three balloon tests
were launched in summer 2001, 2002, and 2003 respec-
tively to simulate in the Earth atmosphere the Huygens
probe descent. A 1:1 scaled mock-up of the Huygens
probe, equipped with HASI spare sensors, was released at
32 km altitude and decelerated by a parachute. Data re-
covered from the successful 2002 balloon campaign were
used to test the developed software and the analysis of
the data from the successful 2003 balloon campaign is in

progress. The results of these different software tests are
presented and discussed.

Introduction

A planetary mission consisting in the descent
of a probe in a planetary atmosphere needs an
accurate trajectory reconstruction. This trajec-
tory reconstruction gives a reference to analyse
correctly all the other data delivered by the in-
struments on-board the probe. Thus, the trajec-
tory reconstruction has a key role in the success
of a planetary mission and has to be treated in
a very accurate manner.

Usually, the descent of a probe in a plane-
tary atmosphere consists in two parts. One part
is the entry phase, located in the upper and
middle atmosphere, during which the probe is
protected by a front shield and an after cover.
The initial velocity of the probe reaches several
km.s~! (about 6 km.s™! and 47 km.s~! for the
Huygens and Galileo probe respectively) and the
probe has to be protected from the strong ther-
mal fluxes encountered during the peak of decel-
eration in the middle atmosphere. During this
phase, the only available scientific data are those
delivered by the accelerometers located inside
the probe.

The second part is the descent phase, initiated
when the probe reaches the subsonic regim. The
front shield and the after cover are released. The
probe, decelerated by one or several parachutes,
is descending throughout the stratosphere and
the troposphere (i.e the lower atmosphere) with
all the instrumentation operationnal. During
the descent phase, the data dedicated to the al-
titude reconstruction are temperature and pres-
sure data. The horizontal motion of the probe-
parachute system can be reconstructed indepen-
dently, using data from a Doppler Wind Experi-
ment (mounted aboard the Galileo and Huygens
probe, see Bird et al., 1997) or any other imaging
instruments as DISR (Descent Imager/Spectral
Radiometer, Tomasko et al., 1997).

In the present paper, only the data from
Atmospheric Structure Instruments (ASI for
Galileo and HASI for Huygens) are used (see
Seiff et al., 1998; Fulchignoni et al., 1997). The
two phases being very different, they are treated
independently. The procedures and models used
for the reconstruction of the descent and entry
phases are first presented. Then, the reconstruc-
tion procedures are tested for two cases: i) the
reconstruction of the ascent and descent phases
during the HAST 2002 balloon test (Fulchignoni
et al., 2003; Gaborit et al., 2003a) and ii) the



global reconstruction of the Galileo probe tra-
jectory in Jupiter’s atmosphere.

Models and procedures

Descent phase reconstruction

The reconstruction of the altitude during the
descent phase is based on the temperature and
the pressure data. The two leading equations
are the state equation of a real gas given by
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and the equation of hydrostatic equilibrium
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P, T and p are respectively the pressure, the
temperature and the density of the atmospheric
gas. M is the mean molecular mass, R = 8.314
J.K~1.mol™! the universal gas constant and B,
the second virial coefficient of the gas. g, is
the vertical component of the effective gravita-
tionnal field calculated in the planetary rotat-
ing frame (including the Coriolis and centrifugal
forces) and z is the altitude.
Using equations 1 and 2, the altitude is recon-
structed using the vertical velocity equation:
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The subscript 7 is relative to a value obtained
at the mission time ¢;. v, is the vertical velocity
of the probe-parachute system. The tempera-
ture is assumed to be constant between times

t;—1 and t;, equal to T, 1= Li 12+T

The equation 3 shows that the mean molecu-
lar mass and the second virial coefficient have to
be determined accurately. This determination
requires the knowledge of the chemical composi-
tion which is given with a good accuracy by in-
struments like GCMS (Huygens Gas Chromato-
graph and Mass Spectrometer, Niemann et al.,
1997) or the PMS (Galileo Probe Mass Spec-
trometer, Niemann et al., 1998). B, coefficients
are recovered from the litterature (Dymond and
Smith, 1980).

The term g, in equation 3 requires a model for
the gravitationnal field, including the knowledge

of the planet angular velocity 2. The gravita-
tionnal field is modelled using a development in
spherical harmonics (Mooij, 1991) and retaining
only even terms (i.e. symmetry respect to the
equatorial plane). Only harmonics Jo and Jy
are considered. The influence of a third body is
neglected for the Earth and Jupiter case.

P ) (or
equivalently the obtaine profile), requires
an accurate treatment for pressure data. In fact,
the pressure in both case is acquired with a sam-
pling rate of almost 2 s, and two consecutive val-
ues are very close. Now, considering the noise
inherant in the measurement, the pressure sen-
sor resolution is not high enough to recover a
smooth dP profile. The d—P profile has then to
be fitted adequately to retrleve a realistic verti-
cal velocity profile (see below for the Earth and
Jupiter case).

The last term of equation 3, In(p
d dP

To take into account the dynamical effects,
temperature and pressure data have to be cor-
rected using the two following equations:
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where Tytq: and Ps,p are the static tempera-
ture and pressure, Ty,eqs and Py,eqs are the mea-
sured one. o4 = ﬁ is the ratio of the heat
capacities and Ma is the Mach number.

Finally, the reconstruction is performed us-
ing a simple Euler integrator, because the verti-
cal velocity profile reconstruction does not imply
any "long-life" propagation of errors: the veloc-
ity determined at ¢; is independant of the one
determined at t;, |i — j| > 2.

Entry phase reconstruction

The reconstruction of the entry phase is to-
tally different of the one described for the de-
scent phase. As the only data received during
the entry phase are the accelerometer data, the
trajectory reconstruction is now based on the
equations of motions derived from the Newto-
nian laws. The six equations of motion expressed
in the planet rotating frame are given below:
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C; are the standard rotation matrices. a., a,
and a, are the components of the global acceler-
ation of the probe in the local frame (see figure
1). r, 0 and ¢ are respectively the radial position
of the probe respect to the center of mass of the
planet, the latitude and the longitude (respect
to the prime meridian). V is the module of the
velocity V expressed in the rotating frame. -~
and x are defined on figure 1. (2 is the planet
angular velocity. These equations are integrated
by using a standard Runge-Kutta method.

As seen in the previous equations, the impor-
tant point for the entry reconstruction is the de-
termination of the global acceleration. The ac-
celeration can be split in two contributions: the
gravitationnal and the aerodynamic one. The
gravitationnal contribution is calculated with
the model described in the previous section and
the aerodynamic contribution is directly given
by accelerometer measurements. Assuming i) a
small value for the angle of attack « of the probe
during the entry phase and ii) a coning motion
of the probe induced by this angle of attack,
the aerodynamic deceleration a, can be approx-
imated by the relation:
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a, =

cos(a)ag — sin(a)(az +a§)1/2 ; (8)

where Fp is the drag force and m,, the mass
of the probe. a, (negative), a, and a. are respec-
tively the axial and the two lateral accelerations
measured by the accelerometer.
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Figure 1: left: planet rotating frame (O,X’Y’Z’) re-
spect the fixed inertial frame (O,XYZ).-center: the lo-
cal frame and the position variables r, § and ¢.-right:
velocity variables respect to the local frame.

Thanks to the measurements obtained from
the accelerometer, it is possible to derive the
density profile. The density is connected to the
acceleration by the following relation:

_ pV2 C;So
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where S, is the cross section of the probe. The
aerodynamic coefficients C; are determined by
both tunnel tests and simulations and depend
on the Knudsen (Kn), Reynolds (Re) and Mach
number. These coefficients depend also on the
attack angle of the probe. Re and Ma depend
respectively on the dynamic viscosity and the
sound speed, implying an "a priori" knowledge
of the upper atmosphere’s P-T profile and chem-
ical composition.
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Figure 2: (left): smoothed % profile obtained during the whole flight.-(right): temperature profile obtained during the whole

flight.

Thanks to the recovered density profile, the
pressure profile is reconstructed assuming the
hydrostatic equilibrium and the temperature
profile is deduced by means of the ideal gas law.
The use of the ideal gas law implies also the
knowledge of the upper atmosphere’s chemical
composition.

Using an adequate P-T profile (see below
for Jupiter’s case), the chemical composition
is derived integrating the equation of diffusion
(chamberlain, 1987):
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¢; is the local vertical flux of the i-th con-
stituent, n; its number density, H; its pressure
scale height, and D; its molecular diffusion co-
efficient in the surrounding gas. K is the eddy
diffusion coefficient and H is the atmospheric
pressure scale height.

Ascent and descent reconstruction
for the HASI 2002 balloon test

The data recovered during the HAST 2002 bal-
loon test were used to test the reconstruction
procedure for the descent phase. This recon-
struction is explained by Gaborit et al. (2003a)
and only the final results are presented here.

The % profile obtained from pressure data is
presented figure 2-left. As the ‘Z—}; signal was very
noisy, it was smoothed using a running average
on 16 data or on 8 s (sampling rate: 2 Hz). Then,
this profile was integrated to retrieve a smoothed
pressure profile adequate to derive the vertical

velocity profile. The temperature profile used
for the reconstruction is shown figure 2-right.

The assumptions and parameters used for the
reconstruction are:

e the atmospheric gas is well describe by the
ideal gas law (B2(T)+#; ~ 0).

e the atmospheric gas is in hydrostatic equi-
librium.

e M = 2896 gmol™!, v,q = 14, Q =
7.2921x 10 °rad.s™! and J, = 1.08 x 1073.

Figure 3-(left) shows the difference Az be-
tween the derived altitude and the altitude pro-
vided by the on-board GPS system during the
whole flight. This difference is set to 0 at the
beginning of the flight. The difference obtained
during the ascent phase is very small and is
increasing when the altitude is reaching about
18 — 20 km. This increase can be attributed to
unaccuracies in GPS data above the altitude of
18 km. In fact, it is the maximum altitude for
a nominal functionning of non-military GPS re-
ceivers. During the descent phase, the difference
Az is different than the one observed during the
ascent phase. That means that there is an addi-
tionnal source of error for the reconstruction of
the descent.

The analysis of the attitude of the probe-
parachute sytem (Gaborit et al. 2003b) shows
that the mean pendular motion was very strong,
leading to inclinations between 20° and 40° dur-
ing the first 300 s of the descent phase. This
strong pendular motion induced dynamical ef-
fects which did pertubate the pressure measure-
ments, during the first 300 s of the descent or
for altitudes between 22 and 32 km (see figure
3-(right)). This period corresponds exactly to
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Figure 3: left: difference Az between the derived altitude and the one given by the GPS system during both the ascent and the
descent phases.-right: reconstructed altitude (in km) versus descent time (in s). The time is set equal to O at probe release.

the strong decrease of Az at the beginning of
the descent phase.

At the end of the descent, the global differ-
ence is about 160 m (+70 m at the beginning of
the descent and —90 m at the end), if GPS un-
accuracies are included. Then the relative error
is very small and less than 0.5% for the whole
descent. Consequently, the reconstruction pro-
cedure seems to be very accurate for the descent
phase.

2
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Figure 4: relative error ¢ on the pressure (solid line),
the temperature (dashed line) and the density (dotted
line) for the descent reconstruction.

The figure 4 shows the corresponding relative
error on the density, the pressure and the tem-
perature during the whole descent. In this case
too, the mean relatives errors are very small: less
than 3% for the pressure and the density and less
than 1% for the temperature.

Entry and Descent reconstruction
using Galileo data.

The descent of the Galileo probe in Jupiter’s
atmosphere can be divided in three sequences:

e the entry phase with a mission time ¢ be-
tween —240.555 and O s.

e a connexion phase (0 < ¢t < 16.2 s) dur-
ing which the only data available is an av-
erage of the acceleration during the period
0.02 < t < 16 s. This phase has to be
simulated, taking into account the different
events (parachute opening, after cover and
front shield release).

o the descent phase for ¢t > 16.2 s.

The navigation team of the Galileo mission
gave very accurate initial conditions correspond-
ing to the altitude 450 km above the 1 bar level.
But the mission time was not well determine (1
o error: 26 s). Consequently, to have an altitude
reference, the reconstruction of the trajectory
of the probe has to be initiated by the descent
phase reconstruction to set the reference at the
1 bar level. Then, the connexion phase is simu-
lated. Finally, the entry phase is reconstructed
taking into account the constraints given by the
navigation data and by the reconstruction of the
descent and connexion phases.

Descent phase

The descent phase is reconstructed using the
three available sets of pressure data P1, P2 and
P3, and the two available sets of temperature
data T1 and T2 (see Seiff et al., 1998; PDS data
archive). The corresponding % and tempera-
ture profiles used for the reconstruction are pre-

sented figure 5.
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Figure 5: left: smoothed ?j—f profile for the descent phase -right: temperature profile during the descent phase.
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Figure 6: left: vertical velocity (in m.s~!) versus time (in s) during the descent phase. The dark line shows the theoretical

terminal speed.-right: deduced altitude profile (in km) versus time (in s).

As explained before, this % profile was ob-
tained by smoothing the raw profile with a run-
ning average on 5 data for the P2 signal and on
10 data for P3 signal, which is more scattered.

To achieve the reconstruction, the mean
molecular mass was derived from the chemi-
cal composition determined from the PMS (Nie-
mann et al., 1998). The real gas equation was
used, with a second virial coefficient determined
considering only the two major constituent Ho
and He. The hydrostatic equilibrium is assumed
and the gravitationnal field is modelled consid-
ering these parameters: J, = 1.4736 x 1072,
Jiy = —5.80 x 1074, Q = 1.7585 x 10~* rad.s 1,
Jupiter’s mass M; = 1.8986 x 102" kg and
Jupiter’s equatorial radius at P = 1 bar R; =
71492 km. The 1 bar level is considered to be
an ellipsoid with the excentricity e = 0.35430.

Figure 6 present the reconstructed vertical ve-
locity profile (left) and the deduced altitude pro-
file (right). The theoretical terminal speed of the
probe-parachute system is also shown. The two
profiles are in good agreement, if we consider

that the differences are due to complex dynam-
ics, except at the end of the descent. In fact
the pressure measurements were perturbated by
the high pressures encountered, and the veloc-
ity profiles is increasing slowly showing strong
oscillations. Consequently, the altitude profile
determined for ¢t > 3000 s may be perturbated
and slightly underestimated.

The descent phase reconstruction shows that
the initial altitude and vertical speed at ¢t = 16.2
s are about 19.0 km and 107.3 m.s~! respec-
tively. The density at this point is equal to
9.495 x 102 kg.m 3.

Connexion phase

Using the averaged deceleration of the probe
between 0.02 and 16 s (i.e. 42.901 m.s2), the
velocity of the probe can be determined for ¢ = 0
s, and we find V ~ 426.8 m.s~!. Then, it is
possible to simulate the vertical velocity pro-
file and the corresponding altitude profile during
this phase, considering the following events:

-t = 0 s, descent mode detection,
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Figure 7: left: vertical velocity (in m.s~!) versus time (in s) during the connexion phase.-right: deduced altitude profile (in km)

versus time (in s).

Table 1 - values for m; in kg (probe-parachute system
mass), Cz,pr, Cz,pa (probe and parachute aerodynamic
coefficients), So, pr €t So,pa in m? (probe and parachute

cross section) versus time.

t(s) 0—35 35—5 5—136 13.6—162

ms 241 241 230 121
Cu.pa 0 0.464  0.464 0.464
Copr  0.74 0.74 0.74 0.8
Sopr 114 1.14 1.14 0.61
So.pa 0 11.40 11.40 11.40

-t = 3.5 s, parachute opening,

-t =5 s, after cover release,

-t = 13.6 s, front shield release,

and assuming that the velocity of the probe is
given by the vertical velocity (i.e. sin(y) =~ 1).
The table 1 shows all the parameters used in this
simulation.

Figure 7 shows the velocity (left) and the alti-
tude (right) profiles during this connexion phase.

The altitude profile shows that the conditions
at t =0 are z = 22.6 km and V = 426.8 m.s~ 1.

Entry phase

Knowing the conditions at t = 0, the entry
phase was first reconstruct upward to estimate
the altitude of the probe when the first data is
acquiered (t = —240.555 s). Then, several re-
constructions were performed to match exactly
the conditions (at 450 km) delivered by the nav-
igation team.

The reconstruction is using an upper atmo-
sphere P-T profile based on the ISO-SWS obser-
vations (Drossard et al., 1998) to model the up-
per atmosphere chemical composition (eddy co-
efficient at the homopause K; = 7.1072 m2.s71,
with a dependance in n=%?). The molecular

diffusion coefficients for each species are found
in the litterature (Marrero and Masson, 1972;
Kestin et al., 1984). The lower atmosphere com-
position used to derive the chemical composition
at high altitude is restricted to the main con-
stituents (Ha, He, CH4 and H). Figure 8 shows
the molecular fraction used for the reconstruc-
tion.

1100
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(kzm) 900
800
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s00f-
a00l 11
300
200

100

10
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Figure 8: Molecular fraction of He(dashed-line), H
(solid-line) and C'Hy (dotted-line) versus altitude.

For the entry reconstruction, the exospheric
temperature 7T, has to be assumed. That is
why four reconstructions were performed, with
T., = 700, 900, 1100 and 1200 K respectively.

The probe model is described figure 9. The
upper-left and upper-right graphs show the C,
coefficient used for the reconstruction. The
bottom-left and bottom-right graphs show the
evolution of the mass and radius of the probe,
due to the mass ablation during the entry.

The acceleration data used for the reconstruc-
tion are provided by two axial sensors (a; and
az) and two orthogonal lateral sensors (ay).
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Figure 9: upper-left/right: variation of C, with Re and Ma.-bottom left /right: evolution of the probe mass (%—T profile)

and probe radius with time.

These data are shown figure 10. Data a; and
ag are in very good agreement. Consequently
the acceleration profile used for the reconstruc-
tion is an average of the two profiles. The angle
of attack can not be derived before ¢ = —160 s,
because the resolution of the lateral sensors is
not high enough.

4 I
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t(s)

Figure 10: Acceleration data obtained from the two
axial sensors (dashed and solid line), and normal accel-
eration retrieved from the lateral sensors (dotted line)

The final result of the reconstruction is given
table 1 and figures 11, 12 and 13, for the entry
trajectory, the density, pressure and tempera-
ture profiles respectively.

The result of the entry reconstruction is in
excellent agreement with i) the navigation data
and ii) with the conditions expected at the be-
ginning of the descent phase. The obtained 7~
angle at t = 0 confirms the assumption made
for the connexion phase: sin(y) = 0.993 ~ 1.
The calculated angle of attack o remains small,
except during the transonic regime with a max-
imum value of about 17.6°. But the approxima-
tion made of small angle of attack remains valid.
As the winds were neglected, the real ¢ and ¢
values at the end of the entry may be different
from those shown in table 2.

Concerning the density, pressure and temper-
ature profiles, the agreement between the entry
phase and the descent phase is excellent too. In
fact, a simple extrapolation of the descent pro-
file allows a perfect connexion with the entry
profile. The density profile shows some fluctua-
tions at the end of the entry due to instabilities
in the aerodynamic coefficients during the sub-
sonic regime. The sudden change in the slope
observed above the homopause, is probably due



Table 2- results for the entry trajectory reconstruction.

e 20m V@s 10 () 200 a0
-240.555 1039.00 47123.6 10.6549 -2.0924 2.1501 6.6442 -
-234.930 990.22 47146.8 10.4871 -2.1314 2.3575 6.6366 -
-229.305 942.16 47169.7 10.3191 -2.1704 2.5653 6.6289 -
-223.680 894.84 47192.3 10.1511 -2.2094 2.7733 6.6209 -
-218.055 848.27 47214.6 9.9829 -2.2484 2.9818 6.6129 -
-212.430 802.43 47236.5 9.8147 -2.2874 3.1905 6.6047 -
-206.805 757.34 47258.1 9.6463 -2.3263 3.3996 6.5963 -
-201.180 713.00 47279.3 9.4779 -2.3653 3.6090 6.5878 -
-195.555 669.41 47300.2 9.3093 -2.4042 3.8187 6.5791 -
-189.930 626.57 47320.8 9.1407 -2.4431 4.0287 6.5703 -
-184.305 584.48 47341.0 8.9720 -2.4820 4.2390 6.5613 -
-178.680 543.15 47360.8 8.8031 -2.5209 4.4496 6.5522 -
-173.055 502.57 47380.3 8.6342 -2.5597 4.6606 6.5429 -
-167.430 462.75 47399.3 8.4652 -2.5986 4.8718 6.5334 -
-165.606 450.00 47405.4 8.4104 -2.6111 4.9403 6.5303 -
-161.805 423.68 47418.0 8.2961 -2.6374 5.0832 6.5238 -
-156.180 385.37 47436.0 8.1270 -2.6762 5.2950 6.5140 2.076
-150.555 347.85 47452.7 7.9577 -2.7149 5.5070 6.5041 2.318
-144.930 311.08 47465.5 7.7884 -2.7536 5.7193 6.4940 2.071
-139.305 275.08 47467.3 7.6191 -2.7924 5.9318 6.4838 0.608
-133.680 239.88 47422.5 7.4499 -2.8310 6.1444 6.4734 0.137
-128.055 205.53 47201.3 7.2816 -2.8696 6.3567 6.4629 0.104
-122.430 172.29 46339.0 7.1170 -2.9080 6.5669 6.4524 0.171
-116.805 140.90 43605.7 6.9652 -2.9456 6.7700 6.4421 0.389
-111.180 113.46 35858.3 6.8553 -2.9814 6.9511 6.4328 0.805
-105.555 93.32 23718.8 6.8613 -3.0133 7.0852 6.4258 1.101
-99.930 80.65 13985.9 7.0816 -3.0422 7.1684 6.4214 1.400
-94.305 72.89 8144.6 7.6403 -3.0721 7.2168 6.4189 1.035
-88.680 67.75 5118.3 8.6876 -3.1075 7.2458 6.4173 0.560
-83.055 63.87 3425.7 10.3699 -3.1521 7.2646 6.4163 0.400
-77.430 60.63 2413.7 12.8540 -3.2097 7.2774 6.4156 0.680
-71.805 57.74 1737.4 16.3430 -3.2850 7.2864 6.4151 0.481
-66.180 55.07 1283.3 21.0701 -3.3848 7.2928 6.4147 2.434
-60.555 52.50 994.8 27.1210 -3.5163 7.2975 6.4144 7.828
-54.930 49.93 819.4 34.2521 -3.6859 7.3010 6.4142 12.190
-49.305 47.29 712.5 41.9504 -3.9002 7.3037 6.4140 17.577
-43.680 44.53 666.0 49.4853 -4.1630 7.3059 6.4139 13.121
-38.055 41.60 636.0 56.3392 -4.4801 7.3076 6.4137 9.075
-32.430 38.59 608.0 62.3860 -4.8685 7.3091 6.4136 9.180
-26.805 35.57 575.3 67.6394 -5.3564 7.3102 6.4135 3.906
-21.180 32.62 541.2 72.1576 -5.9875 7.3111 6.4134 2.795
-15.555 29.79 507.5 75.9780 -6.8219 7.3117 6.4134 3.695
-9.930 27.09 475.2 79.1515 -7.9477 7.3122 6.4133 2.370
-4.305 24.53 449.0 81.7187 -9.4794 7.3125 6.4133 1.715
-2.430 23.70 440.1 82.4511 -10.1062 7.3126 6.4132 1.965
-1.180 23.16 434.1 82.9083 -10.5629 7.3127 6.4132 1.531

0 22.64 428.4 83.3399 -10.9940 7.3128 6.4132 -
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Figure 11: left: density profile for the whole reconstruction.-right: zoom on the connexion phase.
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Figure 13: same figure for the temperature profile.

to gravity waves dissipations which are induc-
ing a strong temperature gradient (Yelle et al.,
1996; Seiff et al., 1998). These features can be
observed in the upper atmosphere’s temperature
profiles.

Concerning the pressure and temperature pro-
files, four curves corresponding to the four dif-
ferent exospheric temperatures are represented.
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These curves converge quickly, depending only
on the ratio between the initial difference in pres-
sure and the pressure at a given level.The con-
vergence is better than 11% at 800 km and less
than 1% at 500 km. The shape of the pressure
profile is almost the same as the one of the den-
sity profile.

The temperature profile shows five main parts:
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Figure 14: Difference between the presented profiles and those derived by Seiff et al. (1998). upper-left: difference in altitude

(km) versus time (in s).-upper-right: relative difference €, in density versus altitude.-bottom-left: relative difference ep in

pressure versus altitude.-bottom-right: difference in temperature AT versus altitude.

a near adiabatic troposphere, a small near-
isothermal layer between 25 and 55 km, a strong
stratospheric gradient between 55 and about 100
km, a deep isothermal layer (T' ~ 170 K) be-
tween 140 and 280 km and finally an upper at-
mosphere with strong temperature gradient and
gravity waves.

All these results are very similar to those pre-
sented by Seiff et al. (1998). The figure 14
shows the difference between the profiles pre-
sented in this paper and those derived by Seiff
et al. (1998).

Except for the temperature in the upper at-
mosphere, the differences remain small. The
altitude shows a difference of about 6 km for
the entry phase which represents a discrepancy
smaller than 1%. Some significant variations can
be observed around the pic of deceleration be-
cause during this period, the reconstruction is
very sensitive to any small discrepancies in any
parameters. Those variations propagate natu-
rally in the pressure and density profiles.

The main difference between the two sets of
results is due to the treatment of the connexion
phase. In fact, Seiff et al. inferred a variation in
altitude of about 6 km during this phase, which
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has to be compared to the 3.68 km value for this
reconstruction.

The difference between the temperature pro-
file increases with decreasing pressure and is
probably due to the different upper atmosphere
model (i.e. the eddy diffusion coefficient) used
for the reconstruction. It is quite interesting to
see the influence of the upper atmosphere model
on the reconstructed temperature profile.

Conclusion

The reconstruction using data of the HASI
2002 balloon test and those from the Galileo
probe have shown that the procedures devel-
opped for the future analysis of the Huygens mis-
sion are valid and give very consistant results.

The altitude reconstruction for the HASI bal-
loon test provides an accuracy of about 0.5% for
the whole descent, this accuracy being proba-
bly surestimated if we consider the additionnal
uncertainties introduced by GPS data at high
altitude. This study confirms also the very high
quality of data sets provided by the HASI ex-
periment. This result is very interesting in an-
ticipation of the Huygens mission if we consider



that the accuracy can be of the same order in
Titan’s atmosphere.

The trajectory reconstruction of the Galileo
probe is a very good test because the available
data are typically the same as those which will
be delivered by the HASI experiment. The very
good consistancy of the reconstruction (entry-
connexion-descent) shows that the developped
procedures have good performance and are suit-
able for such an analysis.

In the next few months, this work will be
optimized for the Huygens mission. On the
one hand, the models which give the loss of
data due to the new definition of the Huygens
mission, have to be considered. On the other
hand, new observations of Titan (Titan occulta-
tion in November 2003 and Titan observations
by Cassini at the end of 2004) should provide
additionnal informations on Titan’s atmosphere
properties.
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